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Abstract A computation of inclusive cross sections for
neutral Higgs boson production through gluon fusion and
bottom-quark annihilation is presented in the MSSM with
complex parameters. The predictions for the gluon-fusion
process are based on an explicit calculation of the leading-
order cross section for arbitrary complex parameters which is
supplemented by higher-order corrections: massive top- and
bottom-quark contributions at NLO QCD, in the heavy top-
quark effective theory the top-quark contribution up to N3LO
QCD including a soft expansion for the C’P-even component
of the light Higgs boson. For its CP-odd component and the
heavy Higgs bosons the contributions are incorporated up to
NNLO QCD. Two-loop electroweak effects are also incorpo-
rated, and SUSY QCD corrections at NLO are interpolated
from the MSSM with real parameters. Finite wave function
normalisation factors ensuring correct on-shell properties of
the external Higgs bosons are incorporated from the code
FeynHiggs. For the typical case of a strong admixture of
the two heavy Higgs bosons it is demonstrated that squark
effects are strongly dependent on the phases of the com-
plex parameters. The remaining theoretical uncertainties for
cross sections are discussed. The results have been imple-
mented into an extension of the numerical code SusHi called
SusHiMi.

1 Introduction

In 2012 the experimental collaborations ATLAS and CMS
announced the discovery of a Higgs-like boson [1,2] pro-
duced in collisions of protons at the Large Hadron Collider
(LHC). Apart from the precise measurement of its produc-
tion and decay properties in order to test whether there are
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deviations from the expectations for a Standard Model (SM)
Higgs boson, an essential part of the programme of the LHC
experiments in the upcoming years will be the search for
additional Higgs bosons. The observed state can be easily
accommodated in extended Higgs sectors like a Two-Higgs-
Doublet Model (2HDM) or supersymmetric extensions, e.g.
the Minimal Supersymmetric Standard Model (MSSM). For
the search for additional Higgs bosons and the test of devia-
tions from the SM expectations for the SM-like Higgs boson,
the precise knowledge of production cross sections through
gluon fusion and bottom-quark annihilation for these Higgs
bosons is a key ingredient. Current efforts in this direction
are summarised in the reports of the LHC Higgs Cross Sec-
tion Working Group, see Refs. [3-6]. So far, the searches
for additional Higgs bosons have been interpreted in var-
ious scenarios beyond the Standard Model, including sev-
eral supersymmetric ones. However, those analyses do not
yet cover the most general case where CP is violated and
leads to mixing between CP-even and -odd eigenstates. The
reason that an analysis for the general case taking account
the possibility of C’P-violation has not been possible so far
has mainly been the lack of appropriate theoretical predic-
tions for the Higgs production rates at the LHC for com-
plex parameters in the MSSM and of a practical prescrip-
tion for taking into account relevant interference effects in
Higgs production and decay. A discussion of the latter has
recently been given in Ref. [7]. Therefore it is our goal
in the present paper to provide state-of-the-art cross-section
predictions in the MSSM, taking into account C’P-violating
effects, for the two main Higgs production channels at the
LHC, which can be used as input for future experimen-
tal analyses in CP-violating Higgs scenarios. We present
in this paper precise predictions for neutral Higgs boson
production through gluon fusion and bottom-quark annihila-
tion in the MSSM with complex parameters, in which CP-
even and CP-odd Higgs states form three admixed Higgs
mass eigenstates h,,a € {1,2,3}. Complex parameters
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in the MSSM give rise to additional sources of CP viola-
tion beyond the one induced by the mixing of the quarks
of the SM, described by the Cabibbo—Kobayashi—-Maskawa
(CKM) matrix [8,9]. In order to explain the baryon asymme-
try of the universe, such additional sources of CP violation
beyond the CKM phase are actually needed, see e.g. Refs.
[10-12] for reviews. It is thus of interest to investigate the
MSSM with complex parameters. Its Higgs sector is influ-
enced by the additional phases only beyond tree level. Still,
these phases are of relevance in the Higgs boson collider
phenomenology as they can induce a large mixing among
the heavy Higgs bosons, and squark and gluino loop con-
tributions also directly affect Higgs boson production and
decay.

For a brief summary of higher-order corrections to the
most important production processes — gluon fusion and
bottom-quark annihilation — in the SM and the MSSM with
real parameters we refer to Sect. 3 and focus here on stud-
ies performed for the Higgs sector of the MSSM with com-
plex parameters. Early investigations of Higgs production
through gluon fusion at hadron colliders in the MSSM with
complex parameters were carried out in Refs. [13-15]. A
thorough analysis taking different production channels into
account was presented in Ref. [16], and results for Higgs-
strahlung can be found in Ref. [17]. Large effects of stops
on the cross section for a CP-odd Higgs boson neglecting
CP-even and -odd Higgs mixing were discussed in Ref.
[18]. References [19,20] discuss the production of a light
Higgs through gluon fusion including its decay into two pho-
tons in the MSSM with complex parameters. It should be
noted that the mentioned references were published before
the Higgs discovery in 2012 and mostly employ only the low-
est order in perturbation theory for the production processes.
It is therefore timely to improve these predictions by includ-
ing up-to-date higher-order corrections and to investigate the
compatibility with the experimental results obtained for the
observed signal at 125 GeV. For this purpose we incorpo-
rate the prediction within the MSSM with complex param-
eters into the numerical code SusHi [21,22], which calcu-
lates Higgs production through gluon fusion and heavy-quark
annihilation [23] in the SM, the MSSM, the Two-Higgs-
Doublet-Model (2HDM) and the Next-to-Minimal Super-
symmetric Standard Model (NMSSM) [24]. However until
now, SusHi did not support complex parameters in the
MSSM and thus did not provide predictions for CPP-admixed
Higgs bosons.

For the calculation of the masses and the wave function
normalisation factors ensuring the correct on-shell proper-
ties of external Higgs bosons, which involves the evaluation
of Higgs boson self-energies and their renormalisation, we
use the code FeynHiggs [25-29]. It employs a Feynman-
diagrammatic approach and includes the full one-loop [28]
and the dominant two-loop corrections of O(a;a;) [30] and
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(’)(af) [31,32] in the MSSM with complex parameters.l A
detailed description of the prediction for the Higgs boson
masses and the wave function normalisation factors as imple-
mented in FeynHiggs can be found in Refs. [7,28,35—
39]. Whereas the Higgs sector at tree level remains CP-
conserving, at higher orders an admixture of all three neu-
tral Higgs bosons, i.e. the two CP-even Higgs bosons #,
H and the CP-odd Higgs boson A, is induced. The case
where the light Higgs boson describes the SM-like Higgs at
~125 GeV is typically accompanied with a strong admix-
ture of the two heavy Higgs bosons. For a proper predic-
tion in such a case interference effects need to be taken
into account in the full process involving production and
decay of the Higgs bosons, which requires going beyond
the usual narrow-width approximation (see also Refs. [40-
441]). A convenient way to incorporate interference effects is
a generalised narrow-width approximation for the produc-
tion and decay of on-shell particles as described in Refs.
[7,45,46], where in Ref. [46] only lowest-order contributions
have been considered, while in Refs. [7,45] also the inclusion
of higher-order corrections has been addressed. The results
for the cross sections for on-shell Higgs boson production
obtained in the present paper are suitable for direct incor-
poration into the framework of a generalised narrow-width
approximation.

Our paper is organised as follows: We start by outlin-
ing the relevant quantities in the Higgs, the gluino and the
squark sector of the MSSM with complex parameters in
Sect. 2. We move to the description of the gluon-fusion
cross section in Sect. 3, where we discuss the calculation
of the cross section at LO and the applicability of higher-
order corrections. Next we introduce in Sect. 4 the code
SusHi and its extension SusHiMi, which we use for our
phenomenological studies carried out in Sect. 5. We dis-
cuss the remaining theoretical uncertainties in Sect. 6. Lastly,
we conclude in Sect. 7 and list Higgs-(s)quark couplings in
Appendix A.

2 The MSSM with complex parameters

In this section we discuss the relevant sectors of the MSSM
with complex parameters, namely the gluino, the squark as
well as the Higgs sector. While the discussion of the gluino
and the squark sector at tree level is sufficient for our pur-
poses, we will briefly describe the inclusion of higher-order
corrections in the Higgs sector. The MSSM with complex
parameters allows for 12 physical, independent phases of

' Another approach to calculate the Higgs boson sector in the MSSM
with complex parameters is based on the renormalisation group
improved effective potential approach and implemented in e.g. the code
CPsuperH [33,34].
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the complex parameters, once the phases of the wino soft-
breaking parameter M, and the soft-breaking parameter m?,
are rotated away. Those independent phases are the ones
of the soft-breaking gaugino masses M; and M3, the Hig-
gsino mass parameter w and trilinear soft-breaking cou-
plings Ay, f € {e,u,7,u,d,c,s,t,b}. In the subsequent
discussion we focus on these phases and their effect on the
gluino, the squark and the Higgs sector as well as the Higgs
boson cross sections.

2.1 Gluino and squark sector

The gluino g does not mix with other fields and enters the
Lagrangian in the form

£ —3Fms n
where mg is the absolute value of the complex soft-breaking
parameter M3 = m g,ei¢M3 2 In the Feynman diagrams for
the Higgs boson self-energies and the Higgs boson produc-
tion via gluon fusion, the gluino only contributes beyond the
one-loop level. However it affects the bottom-quark Yukawa
coupling already at the one-loop level, where it enters the
leading corrections to the relation between the bottom-quark
mass and the bottom-quark Yukawa coupling which can be
resummed to all orders, see below.

In the MSSM without flavour mixing in the squark sector,
squarks gz g of one generation mix into mass eigenstates
q1.2. The term of the Lagrangian containing the squark mass
matrix of one generation is given by [37]

L5 -Gl ahym? (?L> with
Gr-qp)M; i
M| =M +m] + M5 cos2B(13 — Qqysyy)

2 _ *
M7 12 =mgX,

2
Mz 5 =myX,

M; )y = M +mj + M3 cos2BQ,s5. 2)

Here X, := A, — u* - {cot B, tan B}, where cot 8 and tan 8
apply to up- and down-type quarks, respectively. The soft-
breaking masses M;L and M;R, the third component of the

weak isospin I;, the electric charge Q, and the mass of
the quark m, are real parameters. This also applies to the
Z-boson mass Mz and the sine of the weak mixing angle
sw = sin6fy. Contrarily, in the CP-violating MSSM the
parameters A, = |A,le'?s and i = |u|e®*, and hence X,
can be complex. These complex parameters enter the Higgs
sector via the Higgs-sfermion couplings, see Appendix A,

2 The soft-breaking parameter M1 associated with the bino can also be
complex, but has a minor impact on the Higgs sector, and we neglect
its phase dependence in the following.

which are thus also of direct relevance for Higgs boson
production.

The mass matrix is diagonalised through the unitary
matrix U; having real diagonal elements and complex off-
diagonal elements

()= (G) 0

The squark masses (using the convention mg < mg,)
are calculated as the eigenvalues of Eq. (2). The fact that
the left-handed soft-breaking parameter M gL is the same
for the fields in an SU(2) doublet gives rise to a tree-level
relation between the stop and the sbottom masses. At the
loop level, the corresponding relation between the physical
squark masses receives a finite shift, see Ref. [47], which we
have incorporated as a shift in the left-handed soft-breaking
parameter M;L in the sbottom sector, as obtained from
FeynHiggs.

In the b/b sector we take into account higher-order cor-
rections to the relation between the bottom-quark mass and
the bottom- Yukawa coupling [48—53]. The couplings of the
lowest-order mass eigenstates ¢, where ¢ € {h, H, A}, see
Sect. 2.2 below, of the Higgs bosons to bottom quarks are
given by the effective Lagrangian

nmpe - e e
Letr = 7 > b [gz)L PL+ (gZL)*PR] bg*
Va2 ye Sy
impe -1 4 A
+ b (2% Pr — (g, )"Pr | bA @)

in terms of the left-handed and right-handed couplings gZ’L

and gZ’R = (gZ’L)*, where P /g = %(1 F ys5) are the left- and
right-handed projection operators, respectively. The explicit
form of the couplings is given by

o = foZg _1_ COtaA;,
b= 14 A, tanp '
H a[-é _1_|_tanozA
gbL_l—i—Ab_ anpg |’
A _

A op Ap

- 1 5
80 = T A, | tan2,8:| )

with fof'ﬂ = sina/cos 8, f;é = cosa/cos B and faf}g =
tan S (see also Refs. [37,54]). The effective Lagrangian pro-
vides a resummation of leading tan S-enhanced contributions
entering via the quantity Ap. The leading QCD contribution
to Ap has the form

_ 2o5(a)
3

where «; is typically evaluated at an averaged SUSY
scale ug = (mE. + my, + mg)/3, and the function
I(a,b,c)isgivenby I (a, b, c) = (ab log(%) + bc log(lz’) +

Ap

Mip*tan B 1 (m[%l, m}z;z, mz;) , 6)
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ca log(Z—l'))/((a —b)(b — c)(a — ¢))). As one can see from
Eq. (6), the leading contribution to A, has an explicit depen-
dence on the complex parameters M3 and p. In our numeri-
cal analysis below we use the value for Aj as obtained from
FeynHiggs (see Ref. [55]), which includes additional QCD
and electroweak contributions [56-59]. In our implementa-
tion in the program SusHiM1, see Sect. 4 below, both the A,
value from FeynHiggs and the leading contribution from
Eq. (6) can be selected.

We will use the expression for the bottom-quark Yukawa
coupling according to the effective Lagrangian of Egs. (4) and
(5) in our leading-order expressions for the (loop-induced)
gluon-fusion process. For bottom-quark annihilation and the
implementation of higher-order corrections to the gluon-
fusion process, see Sect. 3, we use as a simplified version
[37]

1

g;p = gfL = ng = mffﬂy @)
in which the left- and right-handed couplings to bottom
quarks are identical to each other. We will compare the
numerical impact of the two implementations at LO in
Sect. 5. The effective Yukawa coupling in Eq. (4) is com-
plex. The phase of this coupling could be rotated away by
an appropriate redefinition of the (s)quark fields, see e.g.
Ref. [56]. We prefer to use the general expression for a
complex Yukawa coupling. In our phenomenological dis-
cussion in Sect. 5 below we will compare the effect of the
complex Yukawa coupling of Eq. (4) with the simplified
real coupling of Eq. (7) (which are not equivalent to each
other) and we will show that the numerical differences are
small.

2.2 Higgs sector

The MSSM contains two Higgs doublets with opposite
hypercharges Y74, , = +1 in order to introduce masses for
both the up- and down-type fermions. The neutral fields of the
two Higgs doublets can be decomposed in CP-even (q&?, ¢g)
and CP-odd ( x?, x?) components as follows>

1 0 -0
Hi = (Zg) _ (”” ;i “Xl)) @®)
d ¢1
ht : o5
Hy= ("4 )=e" 20 . , 9
= ()= (vuﬁ@gwg) ©

such that the Higgs potential V in terms of the neutral Higgs
states is given by

3 We note that the convention differs from the convention employed by
FeynHiggs by a different sign of X? and ¢, , which induces different
signs in the corresponding elements of the matrices in Eqs. (11) and
(12) and the X? couplings to (s)quarks displayed in the Appendix.

@ Springer

Vi = (1 4+ m3 ) P + (1 + m3, ) 1052

2 2
gi+¢g
—[m3,h0hY +he]+ 222 . 2[R0 — 1hY 1212

(10)

The quadratic terms of Vy contain the SUSY parameter ||
and the soft terms m 1y, , myy, . The bilinear terms have the soft
coefficient m%z, which is a complex parameter in general but
whose phase can be absorbed through a Peccei—Quinn trans-
formation [60,61]. The relative phase & between the Higgs
doublets vanishes when the Higgs potential is minimised,
making the Higgs sector of the MSSM CP-invariant at low-
est order.

The tree-level neutral mass eigenstates {h, H, A, G}
are related to the tree-level neutral fields {¢?, ¢g, X? , Xg}
through a unitary matrix as follows

h —S¢ @ 0 0 #)
H | | ca Sa 0 0 qbg (an
A | 0 0 s, cp, X{)

GV 0 0 —cp, sg, x?

Similarly, for the charged Higgs states one obtains

H* S, CB. of

()= (250 (&) @
where s, = sinx, ¢y = cosx. &, B, and B, are the mixing
angles for the CP-even Higgs bosons (&, H), the neutral CP-
odd states (A, G), and the charged states (H + Gh), respec-
tively. Minimising the Higgs potential leadsto 8 := 8, = B,
at tree level. The masses of the charged Higgs bosons and the
neutral CP-odd Higgs boson at tree level are given by

2m?

2 2 2 2 12
m =my + My, m3 = — .
H* A w A~ Sn2B)

The Higgs sector of the MSSM at lowest order is fully deter-
mined (besides the gauge couplings) by two parameters,
which are usually chosen as my+ (m4) and tan 8 := Z—:
for the case of the MSSM with complex (real) parameters.

(13)

2.3 Higgs mixing at higher orders

CP-violating mixing between the neutral Higgs bosons
{h, H, A} arises as a consequence of radiative corrections
and results in the neutral mass eigenstates {h1, h2, h3}, where
by convention my,, < my, < my,. The full mixing in higher
orders takes place not just between {h, H, A}, but also with
the Goldstone boson and the electroweak gauge bosons. In
general, (6 x 6)-mixing contributions involving the fields
{h,H, A, G, Z, y} need to be taken into account. For the
calculation of the Higgs boson masses and wave function
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normalisation factors at the considered order it is sufficient
to restrict to a (3 x 3)-mixing matrix among {h, H, A},
since mixing effects with {G, Z, y} only appear at the sub-
leading two-loop level and beyond. In processes with exter-
nal Higgs bosons, on the other hand, mixing contributions
with G and Z already enter at the one-loop level, but the
numerical effect of these contributions has been found to
be very small, see e.g. Refs. [35-37,62]. In our numeri-
cal analysis of the Higgs production through gluon fusion
and bottom-quark annihilation below we will neglect these
kinds of (electroweak) mixing contributions of the external
Higgs bosons with Goldstone and gauge bosons. Concern-
ing electroweak corrections, we only incorporate the poten-
tially numerically large contributions to the Higgs boson
masses and wave function normalisation factors as well as
the electroweak contribution to the correction affecting the
relation between the bottom-Yukawa coupling and the bot-
tom quark mass (see above), while all other contributions
considered here like e.g. electroweak corrections to gluon
fusion involve at least one power of the strong coupling. For
the contribution of the Z boson and the Goldstone boson to
the gluon-fusion process via gg — {Z*, G*} — h; (the
photon only enters at higher orders) it should be noted that
contributions from mass-degenerate quark weak-isodoublets
vanish and only top- and bottom-quark contributions propor-
tional to their masses are of relevance, see the discussion of
the Higgsstrahlung process in Refs. [63,64]. This is a conse-
quence of the fact that only the axial component of the quark-
quark-Z boson coupling contributes to the loop-induced
coupling of the Z boson to two gluons. Similarly, squark
contributions in gg — {Z*, G*} are completely absent
at the one-loop level, even in case of CP violation in the
squark sector. The one-loop contributions to gg — {Z*, G*}
therefore have no dependence on the phases of complex
parameters.

Thus, we focus our discussion on the contributions to the
(3 x 3)-mass matrix M, which contains the tree level masses
ml2 on the diagonal and has non-zero (off-)diagonal self-
energies involving the Higgs states. It enters the Lagrangian,
with ® = (h, H, A), as follows

1
LD —5<1>M<I>T with

m? —m(p?  —Zpu(p?) —Sna(p?)
M=| -S> my—Suu(p®)  —Sua(p?
~San(p?) ~San(p?  mi = Saa(p?

(14)

The propagator matrix is then given by

[—Anra(pH] ™' = Trua(p?) with
(Chua(p)ij = Lij = il(p*mH8i; + Si;(pH],  (15)

and the roots of the determinant of this matrix yield the loop-
corrected Higgs boson masses. The non-diagonal and diag-
onal propagators can be written as follows

Fij P — Pl

Aij = 7= S FP2 o2 o2
FiiFijkk +2Fiijka; — F,‘,'ij — Fjjl"ki — Fkkl"ij
(16)
i
Aij = ———F—, (I7)
il p2 _ le i El.eiﬁ
with effective self-energies that contain mixed terms
SIS A2 A2
ceit o 2UGT N =TT — T
Eii = E,‘,‘ —1 =~ o)
UjjTre — T
A Al] A Alk A
= i + - Nij + Tk, (18)
123

123

where we suppressed the p? arguments of all terms and i #

j#k.

2.4 Wave function normalisation factors for external Higgs
bosons

For Higgs bosons that appear as external particles in a process
appropriate on-shell properties are required for a correct nor-
malisation of the S-matrix. Unless the field renormalisation
constants have been chosen such that all mixing contributions
between the mass eigenstates {1, h>, h3} vanish on-shell and
the propagators of the external particles have unit residue, the
correct on-shell properties need to be ensured via the intro-
duction of finite wave function normalisation factors, see e.g.
Refs. [65-67], as a consequence of the LSZ formalism [68].
The matrix of those so-called Z factors contains the correc-
tion factors for the external Higgs bosons {1, /2, h3} relative
to the lowest-order mass eigenstates {#, H, A}. The matrix
elements Za i [39] (see also Refs. [35,37]) are composed of
the root of the external wave function normalisation factor

Z{ = Res p2{Aii (p7) (19)
and the on-shell transition ratio

(2
7y = 20D : 20)
ii(p?) p2=M2
which are evaluated at the complex pole M(% Here the indices
{a, b, c} refer to the loop-corrected mass eigenstates, while
{i, j, k} label the lowest-order mass eigenstates. With an
appropriate assignment of the indices of the two types of
states (see Ref. [39]) the matrix elements can be written as

Zz/zj :\/Eazaj: 21
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corresponding to the (non-unitary) matrix
\/ZZU, \/EIZIH \/ZZM

7= \/Egzzh \/52221-1 \/ZZM . (22)
V72323 V23730 V73234

As explained above, these 7. factors provide the correct
normalisation of a matrix element with an external on-shell
Higgs boson &, a € {1,2,3}, at p*> = M% The applica-
tion of the Z factors yields an expression of the amplitude
Ay, for an external on-shell Higgs boson £, in terms of a
linear combination of the amplitudes resulting from the one-
particle irreducible diagrams for each of the lowest-order
mass eigenstates {h, H, A} according to

Ap, = ZahAh + ZL,H.AH + zaAAA + -
=y ZaZanAn + Zan Al + ZaaAn) +--- . (23)

The ellipsis indicate additional mixing effects with Goldstone
bosons and gauge bosons, which we neglect in our numerical
analysis, see the discussion in Sect. 2.3.

3 The gluon-fusion cross section

In this section we discuss the calculation of the gluon-fusion
cross section with particular emphasis on the effects of com-
plex parameters. We first focus on individual ingredients and
then combine them in Sect. 4. For this purpose our notation
closely follows Ref. [21]. At leading order (LO) the gluon-
fusion cross section is known since a long time [69]. In addi-
tion to the quark-induced contributions, the squark-induced
contributions to the gluon-fusion process are also of rele-
vance in supersymmetric extensions of the SM, even though
they are suppressed by inverse powers of the supersymmet-
ric particle masses if those masses are heavy. Subsequently
we present our calculation of the LO cross section for the
case of the MSSM with complex parameters for the three
physical Higgs bosons h,,a € {1,2,3}. Differences with
respect to the calculation in the MSSM with real parameters
are induced through®

I/ factors, which relate the amplitude for an external on-
shell Higgs h, (in the mass eigenstate basis) to the ampli-
tudes of both the CP-even lowest-order states 4 and H
and the CP-odd state A, see Sect. 2.4.

e Non-vanishing couplings of squarks g?il_ to the pseu-
doscalar component A.

4~In the MSSM with real parameters only couplings involving f; —
fj — A withi # j are non-vanishing, and left- and right-handed quark

Yukawa couplings are identical, gg) = gZ’L = gf]bk.

@ Springer

e Different left- and right-handed quark couplings gg ,, and
b, with ¢ € {h, H, A}, see Sect. 2.1.

3.1 Lowest-order cross section

The LO production cross section of the mass eigenstates A,
can be written as follows

oLo(pp — hy) = Gé"’ T, L38 (1) with
Ldx
£58 (1) = / Zemg/v, (24)
T

where 15, = m,zln /s. The hadronic squared centre-of-mass

energy is denoted by s, and the gluon-gluon luminosity by

L388. Therein, the partonic LO cross section for gg — h, is
ha GraZ(ug) [‘Ah“’e

given by
2
T TV }
with A = Z A"+ Zyy A+ Zyp AD
and A" = Zp A" + Zoy A" + Zys A
(25)

= ‘A’“‘O

where G denotes Fermi’s constant, and Za¢ are the ele-
ments of the Z factor matrix. UR is the renormalisation scale,
which at LO only enters through the scale dependence of
the strong coupling constant ;. We denote the cross section
pp — hg, which involves one-loop diagrams in the produc-
tion process pp — ¢, as “LO cross section” despite the fact
that it contains higher-order effects through the application
of the Z factors (Fig. 1). We note that in the effective field
theory approach of heavy quark and SUSY masses, where
the gluon-gluon-Higgs interaction is condensed into a sin-
gle vertex, the amplitudes of the first term in Eq. (25) can be
identified with a contribution that stems from £ D> G*' G ,,¢
with the gluon field strength G*'. The amplitudes of the sec-
ond term stem from £ O G*'G wv®, which involves the dual
of the gluon field strength tensor G*”, resulting in the cross
section being expressible as the sum of two non-interfering
squared amplitudes. This explains the naming of the first and
the second term with A”«-¢ and A"«-°, respectively. Similarly,
we can split o0 into of 5 and o7.

For the two C’P-even lowest-order mass eigenstates ¢ €
{h, H} we obtain the amplitudes

A= ¥ (i) A= XA o
}

qeft,b} qeft,b
with
o _ Lo oo\ 3 ha [ 4 (1 gha) pighe
aq,+_§<gw+qu>§fq [ +( T )f(fq )]’
0° _ L (0r _ o7\ 3 pha g (pha
44~ =73 (qu _qu> AV
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Fig. 1 Feynman diagrams for
the LO cross section with a
quark and b squark contributions

(@
~¢E _ 3 ha
a; = ——T qu” [ -

s @
.

where g;, and gg’; are the couplings of the Higgs boson ¢°
to the left- and right-handed quarks, respectively. They are
normalised to the SM Higgs-quark couplings. gg’;j are the
couplings of the Higgs boson ¢ to squarks g; and ¢;. The
explicit expressions for the Higgs-squark and relative Higgs-
quark couplings are listed in Appendix A. Similarly, for the

C’P-odd Higgs boson A we have

A= 3 (apowal), At= Y apy (28)
q€ft.b} q€ft.b}
with
1 3

A A A ha ha
44+ =3 (qu + qu) AR

A i A A 3 hy hq ha
4.~ =75 (qu qu) 7% [1 + (1 T )f(fq )]

3 2
~A A A hq ha
af =gt e 1= s ()] (29)

4m? 4m?
o=t = (30)
mj ! mj
and f(t) is given by
o) arcsinz\% . fort > 1 an
7) = .
—1 <logtJ—7V}:—in) fort <1

Our result is consistent with Ref. [13], which however
assumes g‘qu = gffR (see our discussion of this issue in
Sect. 2.1) and does not take into account the mixing among
the tree-level mass eigenstates ¢ € {h, H, A}. All squark
contributions, i.e. &f;e , enter the first term, A€,
in Eq. (25). Quark contributions to A”«:¢ which couple to
the CP-odd lowest-order mass eigenstate A are proportional
to the difference between the left- and right-handed quark
Yukawa couplings. The same holds for the contributions to
the second term .A"«:° in Eq. (25) which couple to the CP-
even lowest-order mass eigenstates ¢°. All these terms are
therefore denoted with the subscript .A_. It should be noted
that the amplitudes A4 only arise due to the complex
nature of the Yukawa couplings, which is a consequence

~A
and dg

(b)

of the incorporation of higher-order contributions entering
via Ay, see Eq. (5), and our choice of working with a com-
plex Yukawa coupling. Accordingly, the amplitudes APeA
are zero in the case of the MSSM with real parameters.

3.2 Higher-order contributions

Gluon fusion receives sizeable corrections at higher orders
in QCD. The NLO corrections for the SM quark contribu-
tions are known for arbitrary quark masses [70-75]. NNLO
(SM-) QCD contributions were calculated in the limit of a
heavy top-quark mass [76—78], similar to the recently pub-
lished N3LO contributions for a CP-even Higgs boson in
an expansion around the threshold of Higgs production [79-
83].5 Finite top-quark mass effects at NNLO are known in an
expansion of inverse powers of the top-quark mass [86-93].
All of the previously mentioned corrections are implemented
in SusHi [21,22] and can be added in all supported mod-
els. We will later discuss in more detail for which Higgs
mass ranges these corrections are applicable, which also
explains why the above mentioned N>LO contributions are
only employed for the CP-even component of the light Higgs
boson.

As explained above a complex Yukawa coupling is only
induced for the bottom quark through the incorporation of
Aj contributions. According to this approach, for the top-
quark Yukawa coupling gl¢ left- and right handed compo-
nents are identical also in the MSSM with complex parame-
ters. Therefore we can directly adapt the known higher-order
QCD corrections to the top-quark loop contribution for the
MSSM with complex parameters. They are incorporated in
the extension SusHiMi, see Sect. 4. For the incorporation
of the bottom-quark contribution at NLO (SM-) QCD, on the
other hand, we have to rely on the simplified version of the
Ay corrections to the bottom-Yukawa coupling as specified
in Eq. (7). Electroweak two-loop corrections as discussed in
Refs. [94-96] can be added as well. We take into account
the contributions mediated by light quarks, which can be
reweighted to the MSSM with complex parameters. We fol-
low Ref. [97] and define the correction factor
alf apm 2Re (Aha,eAh[,,EW*)

EW — T | Aha,e|2 ’

(32)

> Most recently also N*LO QCD corrections for CP-odd Higgs bosons
became available [84,85]. We neglect those corrections in our analysis.
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where A"a- which has been given in Eq. (25), denotes
the C’P-even part of the LO amplitude including quark and
squark contributions. Accordingly, this electroweak correc-
tion factor is only applied to the CP-even component of the
LO and NLO cross section, see Sect. 4. The electroweak
amplitude is given by [96]

3xw (2 (5 1, 2
~Mﬂw=—8§&A<4—3ﬁﬂ-9$>MUA+4mhm)
w w

. [—Zah sin« cos B + Z,IH cos o sin f],

(33)
with the abbreviation
1 'y \?
xV=—2<MV—i—V> . Velw, 2z, (34)
My, 2

In Eq. (32) agm denotes the electro-magnetic coupling, and
sw = sinfy = (1 —c3)V? = (1 — M}, /M2)V? is the
sine of the weak mixing angle. My and I'y are the mass and
the width of the heavy gauge bosons V € {W, Z}, and the
function A{[x] can be found in Ref. [96].

In the MSSM with real parameters analytical NLO virtual
contributions involving squarks, quarks and gluinos are either
known in the limit of a vanishing Higgs mass [98-101] or
in an expansion of heavy SUSY masses [102-104].° Even
NNLO corrections of stop-induced contributions to gluon
fusion are known [108,109]; SusHi can approximate these
NNLO stop effects [110] in the CP-conserving MSSM. We
neglect those contributions in our analysis for the MSSM
with complex parameters.

At NLO in the MSSM with complex parameters, super-
symmetric contributions are present both in virtual and real
corrections. The real corrections show a similar behaviour
as observed for the LO cross section, i.e. the squark induced
contributions of C’P-odd components proportional to g g‘ii are
added as a complex component to the CP-even couplings.
Since beyond LO we employ the simplified version of the
Ajp resummation according to Eq. (7), the higher-order quark
contributions, both real and virtual, are of the same structure
as in the CP-conserving MSSM. The NLO virtual contribu-
tions as described in the previous paragraph are however not
easily adjustable to the MSSM with complex parameters. We
therefore interpolate the NLO virtual contributions between
phases 0 and 7 of the various MSSM parameters using a
cosine interpolation, see Refs. [111,112]. This interpola-
tion makes use of on-shell stop- and sbottom-quark masses
defined at phases 0 and . Thus, within the interpolated result
we have to ensure the correct subtraction of the NLO contri-
butions that have already been taken into account through Ay

6 Exact numerical and for certain contributions analytical results for
NLO virtual contributions were presented in Refs. [74,75,105-107].
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effects in the bottom-quark Yukawa coupling. This is done
by expanding the Aj correction to next-to-leading order in
the subtraction term. For a certain value of the phase ¢, of a
complex parameter z, the virtual NLO amplitude AﬁLo (¢2)
can be approximated using

1+ cos ¢,

1 —
5 Af\)ILo ©0) + —CZOS % Aﬁmo ()

(35)

Aﬁ]}_o (¢z ) =

for each of the lowest-order mass eigenstates ¢ € {h, H, A}.
Here AﬁLO(O) is the analytical result for the MSSM with

real parameters, and Aﬁ]LO (7r) is the analytical result with
z — —z. Using the factors cos ¢, ensures a smooth inter-
polation such that the known results for a vanishing phase
are recovered. Whereas a dependence on the phases of A,
and p is already apparent in the lowest-order diagrams of
gg — @, the phase of M3 only enters through the NLO vir-
tual corrections. Besides the Aj, contributions, where the full
phase dependence is incorporated, the treatment of the phase
of M3 therefore relies on the performed interpolation. While
the implemented routines for the MSSM with real parameters
are expressed in terms of the gluino mass, they can also be
used for a negative soft-breaking parameter M3, such that we
can obtain interpolated results for a complex-valued parame-
ter M3. We note that the NLO virtual amplitudes with a neg-
ative M3 are identical to the virtual amplitudes for positive
M3 with opposite signs of the parameters A;, A, and w. This
can be understood from the structure of the NLO diagrams
involving the squark—quark—gluino couplings. It should how-
ever be noted in this context that due to the generation of
Higgs-squark couplings g ?H for non-vanishing phases a new
class of NLO virtual diagrams arises which is not present in
the MSSM with real parameters. Since the interpolation is
based on the result for the MSSM with real parameters as
input for the predictions at the phases 0 and r, the additional
set of diagrams may not be adequately approximated in this
way.

Despite this fact, we expect that the interpolation of the
virtual two-loop contributions involving squarks and gluinos
to the gluon-fusion amplitude provides a reasonable approx-
imation, for the following reasons (we discuss the theoret-
ical uncertainty associated with the interpolation in Sect. 6
and assign a conservative estimate of the uncertainty in our
numerical analysis). We focus here on the gluon fusion ampli-
tude without Z factors, since in the 7 factors the full phase
dependence is incorporated without approximations. Gluino
contributions are generally suppressed for gluino masses that
are sufficiently heavy to be in accordance with the present
bounds from LHC searches, while gluon-exchange contribu-
tions do not add an additional phase dependence compared
to the dependence on the phases of A, and w in the LO cross
section, which is fully taken into account. The dependence
of the NLO amplitude on the phases of A, and p is therefore
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expected to follow a similar pattern as the LO amplitude,
which is also what we find in the application of the interpo-
lation method.

One can also compare the higher-order corrections to the
gluon-fusion process with the ones to the Higgs boson masses
and Z factors. In fact, a similar interpolation was probed in
the prediction for Higgs boson masses in the MSSM with
complex parameters, see e.g. Refs. [28,30,112,113], where
the phase dependence of sub-leading two-loop contributions
beyond O(x;ay) were approximated with an interpolation
before the full phase dependence of the corresponding two-
loop corrections at O(at ) was calculated [31,32]. Generally
good agreement was found between the full result and the
approximation [31,32]. In order to investigate the interpola-
tion of the phase of M3 that is associated with the gluino we
performed a similar check concerning the phase dependence
of two-loop squark and gluino loop contributions. We numer-
ically compared the full result for the Higgs mass prediction
atthis order from FeynHiggs with an approximation where
the phases at the two-loop level are interpolated. Despite the
fact that also for the Higgs mass calculation new diagrams
proportional to g(‘;l.l. arise away from phases 0 and i, the phase
dependence of the interpolated results generically follows the
behaviour of the full results very well.

Based on the NLO amplitude that has been obtained as
described above, we can construct the NLO cross sections
oxNLo and oy o individually, following Ref. [21], by defining
the NLO correction factors C° and C°:

e/o A}Iilalf)/o 2 M %
C%/° = 2Re + 7 +mmg;7 . (36)
F

Aha,e/o

The amphtudes are given by ALt'S = Zan Aly o+ Zan AL
and ANLO =7, A*ANLO’ ur denotes the factorisation scale,
and By = 11/2 — ny/3 with ny = 5. Note that the LO
amplitudes A"«-¢/° entering Eq. (36) are taken in the limit of
large stop and sbottom masses, see Ref. [21]. The correction
factors enter the NLO cross section as follows

oo (PP = ha + X) = 035, L5 () [ 1+ €12 |

e/o e/o

+ A0S + Aol + Aa"'/". (37)

The terms Ao denote the real corrections, which are not
fully displayed here. We emphasise again that at NLO we
work with Eq. (7), such that in the real corrections the only
new ingredients are Higgs-squark couplings g~ , which are
added to the CP-even components Ao ®. The real corrections
can be splitin Ac® and Ao ° since no interference terms arise.

4 The program SusHi and the extension SusHiMi

SusHi is a numerical FORTRAN code [21,22] which com-
bines analytical results for the calculation of Higgs boson
cross sections through gluon fusion and heavy-quark annihi-
lation in models beyond the Standard Model up to the high-
est known orders in perturbation theory. However, the cur-
rent release does not allow for CP violation in the Higgs
sector. Following our discussion in Sect. 3 we present the
calculation of Higgs boson production in the context of the
MSSM with complex parameters, which we included in an
extension of SusHi named SusHiMi.” For this purpose
we proceed along the lines of Fig. 2 and calculate the Higgs
boson production cross section through gluon fusion as fol-
lows: SusHiMi calls SusH1 twice and in these two calls
performs a “C’P-even” calculation for og; , and a “CP-odd”
calculation for oy  according to Eq. (37). Thus, the total
gluon-fusion cross section is the sum of the two parts

ontLo (PP = ha + X) = oy (PP = ha + X)
+G§kLo(pp d ha + X) (38)

We obtain the result beyond LO QCD through®

e _ e 1f te te
kLo = OnLo( + Sgw) + (UNkLO EFT — UNLO,EFT) (39)

1,0
INkLO = ONLO T ( ONkLO,EFT ~ ONLO, EFT) (40)

whereas Uféo was speciﬁed in Sect. 3, and k € {1,2,3}.

The CP-odd component o N“LO gpr 18 only implemented up

to k = 2 (see below). In the previous formulas af,ioo are the
NLO cross sections including real contributions and the inter-
polated NLO virtual corrections as discussed in Sect. 3. They
employ the simpliﬁed Ap resummation according to Eq. (7),
named Apj. UN"LO grr and oNkLO gpp Are cross sections
including the top-quark contribution only. They are based
on a K -factor calculated in the EFT approach of an infinitely
heavy top-quark obtained for a SM Higgs boson H and a
pseudoscalar A (in a 2HDM with tan 8 = 1) with mass my,_,
respectively. This K-factor is subsequently reweighted with
the exact LO cross section. For this purpose the employed
LO cross sections oﬁ’g and aﬁ’oo are again evaluated as dis-
cussed in Sect. 3 with full Z factors, but include only the
top-quark contribution They are multiplied with the K-
factorsin o’ ando’ respectively. Due to their

NkLo EFT NkLO EFT’
/o .
small numerical impact in o NkLO grr We do not take into

account top-quark mass effects beyond NLO even though
they are implemented in SusHi. An alternative approach,

7 The name is inspired by the mixing of the Higgs bosons. SusHiM1i
can be obtained upon request.

8 These formulas equal the master formulas employed in previous
SusHi releases [21,22].
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Fig. 2 Pictorial view of the
gluon-fusion cross section

[ SusHi input file in SLHA-style ]
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which is not discussed in this paper but can be implemented
in SusHiMi, is to include the relative couplings g? and the
Z factors into the complex-valued Wilson coefficients of the
EFT directly.

As already mentioned N3LO QCD corrections are only
taken into account for the CP-even component of the light
Higgs boson, which allows us to match the precision of the
light Higgs boson cross section in the SM employed in up-to-
date predictions. This is motivated by the fact that the light
Higgs boson that is identified with the observed signal at
125 GeV is usually assumed to have a dominant CP-even
component, which is also the case in the scenarios which
are considered in our numerical discussion. For the CP-odd
component of the light Higgs and the heavy Higgs bosons we
employ the NNLO corrections for the top-quark induced con-
tributions to gluon fusion in the effective theory of a heavy
top-quark, i.e. we do not take into account top-quark mass
effects beyond NLO, but only factor out the LO QCD cross
sections a,i’é and 0{8. The strategy to employ the EFT result
at NNLO beyond the top-quark mass threshold can be jus-
tified from the comparison of NLO corrections, which are
known in the EFT approach and exactly with full quark-
mass dependence and agree also beyond the top-quark mass
threshold. On the other hand, the N3LO QCD corrections that
were obtained for the top-quark contribution are only known
in the EFT approach and for an expansion around the thresh-
old of Higgs production at x = m%a /s — 1, which we can
take into account up to O(1 — x)16. Since the combination
of the EFT approach and the threshold expansion becomes
questionable above the top-quark mass threshold, we apply

@ Springer

N3LO QCD corrections only for the CP-even component of
the light Higgs boson and thus match the precision of the SM
prediction. The electroweak correction factor ‘Sgw multiplied
in the “CP-even” run is obtained from Eq. (32).

As shown in Fig. 2 we call SusHiMi three times in order
to take into account the different possibilities of the resum-
mation of tan 8 enhanced sbottom effects in the LO QCD
contributions. We add the results as follows

6 (pp = ha +X) = o300 + ol — oy (41)

where in the N¥LO QCD cross section following Eq. (38) the
simplified resummation according to Eq. (7) is employed,
indicated through the index Ap;. We add and subtract the
LO QCD cross section using the full resummation accord-
ing to Eq. (5), named Ay, and the simplified resummation,
respectively. As we will demonstrate the differences between
the two versions of resummation are small, which can par-
tially be understood from a possible rephasing of complex
Yukawa couplings by a redefinition of all (s)quark fields (see
the discussion in Sect. 2.1).

SusHi also allows one to obtain differential cross sections
as a function of the transverse momentum or the (pseudo-)
rapidity of the Higgs boson. These effects can be studied
also in the MSSM with complex parameters. In the case of
non-vanishing transverse momentum, which is only possible
through additional radiation, i.e. real corrections, the pre-
cision for massive quark contributions in extended Higgs
sectors is currently limited to the LO prediction [114,115].
The predictions of the pr distributions in SusHiMi have
been obtained from the LO contributions with arbitrary com-
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plex parameters, and in contrast to the total cross sections
are therefore not affected by additional interpolation uncer-
tainties from higher orders in comparison to the case of the
MSSM with real parameters.

Higgs production through bottom-quark annihilation is
calculated in SusHi foraSM Higgs boson at NNLO QCD. In
the employed five-flavour scheme, where the bottom quarks
are understood as partons, the result equals the cross sec-
tion of a pseudoscalar A (in a 2HDM with tan8 = 1).
For the production of the Higgs boson /i, in the MSSM
with complex parameters, as implemented in SusHiMi, the
results for the SM Higgs boson are reweighted to the MSSM
with |Zan gl + Zan gl 1> +1Zaagj' |, which includes tan 8-
enhanced squark effects through A, according to Eq. (7).
This procedure equals the application of a K-factor on the
full LO cross section including Z factors. In case of non-
equal left- and right-handed couplings g5z and gpr due to
the application of the full resummation in Eq. (5), the SM
cross section has to be multiplied with

Zan (gly + i) + Zan (gfh + glk) +iZaa(ghy — i)
HiZan (gl — gl + iZan (gl — gfh)
+Zaa (gl + elo% (42)

Though, due to the similarity of both approaches we only
discuss Higgs production through bottom-quark annihilation
with simplified Aj; resummation.

5 Numerical results

For our numerical analysis we slightly modify two standard
MSSM scenarios introduced in Ref. [116], namely the m;["Od“L
and the light-stop scenario. The scenarios have been chosen
for illustration, featuring relatively large squark and gluino
contributions to the gluon fusion process. The corresponding
effects will be relevant in our discussion of the associated
theoretical uncertainties.

The light-stop inspired scenario that we use for our numer-
ical analysis is defined as follows

M =340 GeV, M =pu =400GeV, M3 =1.5TeV
Xi=Xp=X,=10TeV, A, =A4,=0
ﬁlQZ = I’f~1L =1 TeV, I”lmiQ3 =0.5 TeV, (43)

where the modified values of M; and M, have been cho-
sen to avoid direct bounds from stop searches obtained
in LHC Run I (assuming R-parity conservation).’ For the
mhm°d+—inspired scenario we choose for vanishing phases of

the complex parameters:

9 Indirect bounds from the effects of stops on the measured Higgs rates
are much weaker, see e.g. Ref. [117].

My =250GeV, M, =500GeV, Mz =15TeV
X =Xp=X:=15TeV, A;=A;=0

We use for the SM parameters the values m©S = 173.20 GeV,
m¥S(mp) = 4.16 GeV, mP5(m,) = 4.75 GeV and
as(Mz) = 0.119. The depicted on-shell bottom-quark
mass is used as internal mass for propagators and for the
bottom-quark Yukawa coupling in the gluon-fusion pro-
cess. The depicted value of o is only used for the eval-
uations of FeynHiggs, for the cross sections the value
of «y associated with the employed PDF set is taken.
We employ the MMHT2014 PDF sets at LO, NLO and
NNLO QCD [118]. The central choice for the renormal-
isation and factorisation scales ,uOR and ,u%, respectively,
is (u. ud = (mp,/2,my,/2) for gluon fusion and
(u%, pcg) = (mp,,mp,/4) for bottom-quark annihilation.
More details are described in Sect. 6.

Whereas for the m;ln°d+-inspired scenario we pick heavy
Higgs bosons through m + = 900 GeV with tan 8 = 10 and
40 for the study of A, effects, we choose m y+ = 500 GeV
with tan 8 = 16 for the light-stop inspired scenario. A
detailed discussion of squark effects for the Higgs boson
cross sections in the light-stop scenario can also be found
in Ref. [119]. For the chosen parameter point the squark
effects are sizeable, both for the light Higgs boson and in
particular also for the heavy CP-even Higgs boson, where
they reduce the gluon-fusion cross section by about ~90%.
The Higgs boson masses and the Z factors are obtained
from FeynHiggs 2.11.2. The cross sections are eval-
uated with SusHiM1i, which is based on the latest release of
SusHi, version 1. 6. 1. We will mostly focus on the gluon-
fusion cross section and present the bottom-quark annihila-
tion cross section only for the scenario with tan 8 = 40.

For the parameter points associated with the mentioned
scenarios in the MSSM with real parameters we vary the
phases of A, = |A;|e!4 and M3 = mgei‘PMS leaving the
absolute values constant in order to address various aspects in
the phenomenology of Higgs boson production. The phases
of A, and p do not introduce new phenomenological fea-
tures, and we do not display results for the variation of those
phases. A variation of the phase of X; leads to very similar
cross sections for all Higgs bosons as observed for the varia-
tion of the phase of A;. This can be understood from the fact
that we choose not too large values of ¢ and tan 8 > 10, and
so X; ~ A;. Note that the stop masses are constant as a func-
tion of the phase of X, if the absolute value of X; is fixed.
Before we proceed we want to briefly discuss experimental
constraints on the phases: The most restrictive constraints on
the phases arise from bounds on the electric dipole moments
(EDMs) of the electron and the neutron, see Refs. [120—-122]
and references therein. EDMs from heavy quarks [123,124]
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and the deuteron [125] also have an impact. MSSM contribu-
tions to these EDMs already contribute at the one-loop level
and primarily involve the first two generations of sleptons
and squarks. Thus, EDMs lead to severe constraints on the
phases of A, forg € {u,d, s, c}and A; for! € {e, u}. Using
the convention that the phase of the wino soft-breaking mass
M, is rotated away, one finds tight constraints on the phase
of 1« [126]. On the other hand constraints on the phases of the
third-generation trilinear couplings are significantly weaker.
We refer the reader to Ref. [127] for a review. While recent
constraints from EDMs [128] taking into account two-loop
contributions [129] have the potential to rule out the largest
values of the phase of A;, there is still significant room for
variation of the phases of A, and M3. We therefore display
the full range of the phases of A; and M3 in our considered
scenarios without explicitly imposing EDM constraints, fol-
lowing the common approach in benchmark scenarios for
Higgs phenomenology (see e.g. Ref. [130] for a recent dis-
cussion). It should be noted in this context that in particular
the variation of A; affects the value of the stop masses. Addi-
tionally, the Higgs boson masses are a function of the phases
of the complex parameters. The impact is particularly pro-
nounced for the mass of the light Higgs boson. In order to
factor out the impact of phase space effects, we normalise
the prediction for the cross section of the light Higgs boson
in the MSSM to the cross section of a SM Higgs boson with
identical mass as the light Higgs mass eigenstate my,. In
case of the heavy Higgs bosons for which the phase space
effects are much less severe, we stick to the inclusive cross
sections without such a normalisation. The predicted value
for the Higgs boson mass my,, deviates from 125 GeV by up
to a few GeV in our illustrative studies. Deviations from the
experimental value in this ballpark are still commensurate
with the remaining theoretical uncertainties from unknown
higher-order corrections of current state-of-the-art calcula-
tions of the light Higgs boson mass in the MSSM [6].

Subsequently we discuss three aspects: We start with a
discussion of squark effects for the Higgs boson produc-
tion cross sections. They are of relevance both for the heavy
Higgs bosons and the light Higgs boson. Secondly, we focus
on the admixture of the two heavy Higgs bosons (described
through 7 factors) and its effect on production cross sections.
Lastly we discuss A, corrections in the context of the mhm°d+-
inspired scenario with large tan 8, for which the bottom-
quark annihilation process for the heavy Higgs bosons is
relevant as well.

Note that given the large admixture of the two heavy Higgs
bosons in the MSSM with complex parameters, interference
effects in the full processes of production and decay can be
large. However, we restrict our discussion in the present paper
to Higgs boson production. The results for the cross sec-
tions obtained in our paper can be employed in a generalised
narrow-width approximation as described in Ref. [7] in order
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to incorporate interference effects. We will address this issue
elsewhere.

The prediction for Higgs boson cross sections is affected
by various theoretical uncertainties, which we discuss in
detail in Sect. 6. In order to demonstrate the improvement
in precision through the inclusion of higher-order correc-
tions, all subsequent figures which show the LO cross section
and our best prediction cross section according to Eq. (38)
include renormalisation and factorisation scale uncertainties.
The procedure for obtaining these scale uncertainties is out-
lined in Sect. 6.

5.1 Squark contributions in the light-stop inspired scenario

We start with a discussion of squark effects to the Higgs
boson cross section o (gg — h;) for all three Higgs bosons
h; in the context of the light-stop inspired scenario with
mpy+ = 500 GeV and tan f = 16. The variation of the
light Higgs boson mass my, as well as the stop masses is
depicted in Fig. 3a as a function of ¢4, . The light Higgs mass
in this scenario may appear to be too light to be compatible
with the signal observed at the LHC, however we regard it
as sufficiently close in view of the facts that our discussion
should demonstrate phenomenological effects only and that
on the other hand there are still sizeable theoretical uncertain-
ties in the MSSM prediction for the light Higgs boson mass.
The lightest stop mass has its minimum at around 293 GeV.
For the heavy Higgs bosons with masses between 492 and
494 GeV, which are not shown in the figures, the NLO squark-
gluino contributions [102—104] which assume heavy squarks
and gluinos are thus well applicable. The variation of the
heavy Higgs boson masses as a function of the phases of ¢4,
and ¢y, turns out to be small, namely within 0.6 GeV. Due
to the strong admixture of the left- and right-handed stops
through a large value of A,, also a phase dependence of the
stop masses is observed. We checked that if we instead choose
aphase for X; keeping | X, | constant, we obtain constant stop
masses if the phase of X; is varied.

Figure 3b shows the production cross section through
gluon fusion for the light Higgs boson /1. The black, dot-
dashed curve depicts the cross section with top-quark and
bottom-quark contributions and electroweak corrections in
the production amplitudes only, i.e. in the formulas of Sect. 4
we omit all squark contributions which enter either directly
or through Aj,. Note however that squark contributions are
always part of the Z factors. Due to the decoupling with
large values of my+ in our scenarios the light Higgs £
has mostly SM-like couplings to quarks and gauge bosons.
Thus, thanks to the inclusion of N3LO QCD contributions
for the top-quark induced contribution, our prediction of the
gluon fusion cross section omitting the squark contributions
(black, dot-dashed curve in Fig. 3b) is very close to the one
for the SM Higgs boson with the same mass as provided by
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the LHC Higgs Cross Section Working Group [6,131]. The
inclusion of squark contributions explicitly and through A,
resummation lowers the gluon-fusion cross section by about
20%, as can be inferred from the blue, solid curve, which
is shown together with its renormalisation and factorisation
scale uncertainty, see Sect. 6. For completeness we also show
the LO cross section calculated according to Eq. (24) includ-
ing squark effects as the red curve. It is apparent that the
scale uncertainties are significantly reduced from LO QCD
to our best prediction cross section calculated according to
Eq. (38). Figure 3b also includes the cross section for /| nor-
malised to the cross section of a SM Higgs boson with the
same mass. Here the ~20% reduction due to squark effects
is apparent once again, whereas the quark-induced cross sec-
tion shows the well-known decoupling behaviour. Not shown
in the figures are the following effects, which we state here

(b)

for completeness: The variation of ¢, leads to a very simi-
lar picture, even though the light Higgs mass variation is not
as pronounced (2 GeV) and the stop masses are unaffected.
Moreover, in the comparison of the simplified and the full
resummation of A, contributions in the LO gluon-fusion
cross section of h; we observe a well-known behaviour,
namely the simplified resummation of Eq. (7) does not yield a
decoupled bottom-quark Yukawa coupling, whereas the full
resummation of Eq. (5) does.

In Fig. 4a, b we show the gluon-fusion cross sections of
the heavy Higgs bosons %> and &3, respectively, as a func-
tion of ¢4,. The colour coding is identical to Fig. 3 except
for the fact that we show the K-factor of our best predic-
tion for the cross section with respect to the LO cross sec-
tion, o /010, rather than a cross section normalised to the SM
Higgs boson cross section. In fact, the heavy Higgs masses
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Fig. 5 LO (red) and best 70 - -
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change only slightly as a function of the phase ¢4, , and there-
fore the associated phase space effect is small. For vanish-
ing phase ¢4, = 0 it is known that squark effects are huge
and reduce the cross section by ~89% (h;) and ~22% (h3)
[119]. These squark effects are strongly dependent on the
phase ¢4, and induce a large positive correction at phase
¢4, = m in case of hy. For hj3 the effects are not as pro-
nounced, but still sizeable. The K-factor for both processes
g8 — hp and gg — h3 remains within [1, 1.6], i.e. higher-
order corrections mainly follow the phase dependence of the
LO cross section. The dependence of the K-factor on ¢y,
follows the black, dot-dashed curve, which shows the cross
section with quark contributions only. The significant depen-
dence of the cross section where only quark contributions
are included on the phase ¢4, is induced by the admixture
of the two Higgs bosons through Z factors. We will dis-
cuss this feature in detail for the medJ“—inspired scenario in
Sect. 5.2.

The phase dependence on ¢y, is less pronounced. We
show the corresponding cross sections for the two heavy
Higgs bosons /> and 43 in Fig. 5. As in previous figures
we observe a significant reduction in the scale dependence
from LO QCD to our best prediction for the cross section.
The inclusion of squark and gluino contributions through the
Z factors and through A, induces a dependence on the gluino
phase already for the LO cross section. The almost flat black
dot-dashed curves show the cross section with quark contri-
butions only, and any variation with ¢, is an effect of the v/
factors, which in this case is negligible since ¢, only enters
at the two-loop level. The K -factor, which takes into account
our interpolated NLO virtual corrections, only shows a rel-
atively mild dependence on the phase. We will discuss the
interpolation uncertainty for this scenario in Sect. 6, since
we obtain the largest relative interpolation uncertainty in the
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cross section variation with phases for the interpolation of
the gluino phase ¢yy;.

5.2 Admixture of Higgs bosons in the mgmd"’
scenario

-inspired

In this subsection we discuss the mZ’OdJr—inspired scenario

with tan 8 = 10 and mpy+ = 900 GeV. Since the squark
masses are at the TeV level in this scenario, the numerical
effect of the squark loops in the gluon fusion vertex contri-
butions is rather small for the production cross section of the
light Higgs boson /1. We do not discuss the results for /11 in
this section. The results for the two heavy Higgs bosons are
displayed in Fig. 6. The effects from squark loops are at the
level of about £20% in this case. The considered scenario is
typical for the decoupling region of supersymmetric theories,
where a light SM-like Higgs boson (that is interpreted as the
signal observed at about 125 GeV) is accompanied by addi-
tional heavy Higgs bosons that are nearly mass-degenerate.
In the general case where the possibility of CP-violating
interactions is taken into account, there can be a large mix-
ing between the CP-even and CP-odd neutral Higgs states.
This feature is clearly visible in Fig. 6. The dependence on
the phase ¢4, is seen to be closely correlated to the mixing
character of the two neutral heavy Higgs bosons.

Figure 6a depicts the masses of the two heavy Higgs
bosons /7 and &3 as a function of ¢4, together with the CP-
odd character of i and h3, being defined as |Za A|2. For
illustration here and in the following we call the mass eigen-
states hj and hj either h, or h,, depending on their mixing
character: if |Za A|2 2> 1/2 the mass eigenstate A, is called
h,,otherwise itis called /.. It can be seen in Fig. 6b, c that the
behaviour of the cross sections as a function of ¢4, closely
follows the variation in the CP-even and CP-odd character
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Fig. 6 a Masses of hy and A3 in GeV as well as CP-odd charac-

ter |Z, Alz as a function of ¢4, in the m;l"°d+-inspired scenario with

tan B = 10. The solid and dashed curves depict regions in ¢4, where
hy and h3 are predominantly CP-even (h,) or odd (h,), respectively,
corresponding to |Zaal? being below or above 0.5 as shown in the lower
panel. b, ¢ LO (red) and best prediction for the gluon-fusion cross sec-

of the Higgs states. A similar effect was already apparent in
the top- and bottom-quark induced cross sections depicted
in the light-stop inspired scenario, see Fig. 4, however there
the effects of squark contributions are dominant. Also in this
case our best prediction for the cross section is significantly
reduced in comparison with the prediction in LO QCD. The
variation of the K-factors between about 1.2 and 1.5 with
the phase ¢4, also follows the modification of the mixing
character of the two neutral heavy Higgs bosons.

Since the two heavy Higgs bosons are nearly mass degen-
erate, it may not be possible in such a case to experimentally
resolve the two Higgs bosons as separate signals. Rather than
the individual cross sections times their respective branching
ratios, the experimentally measurable quantity then consists
of the sum of the cross sections of the two Higgs states times
their respective branching ratios together with the interfer-
ence contribution involving the two Higgs states. The latter
can be particularly important if the mass difference between
the two Higgs states is smaller than the sum of their total
widths [7]. While we defer the incorporation of such interfer-
ence effects into the prediction for the production and decay
process to a forthcoming publication, one can already infer
from the plots of Fig. 6b, c that in the overall contribution
there will be sizeable cancellations between the phase depen-
dencies of the separate contributions.

mod+

5.3 Ap corrections in the m; """ -inspired scenario

We finally discuss the impact of A, effects, which we inves-
tigate for the two heavy Higgs bosons in the mhm°d+—inspired

tion (blue) for b hy and ¢ h3 in fb as a function of ¢4, in the same
scenario. The black, dot-dashed curve depicts the best prediction for
the cross section without squark contributions (except through 7 fac-
tors). In the lower panel we show the K-factor o/o10. The depicted
uncertainties are scale uncertainties

scenario with tan 8 = 40. In this scenario the admixture
between the two heavy Higgs bosons is again sizeable both
as a function of ¢4, and as a function of ¢,. This even
leads to mass crossings as seen in Fig. 7. It is therefore
convenient to discuss the results in terms of the predomi-
nantly CP-even mass eigenstate /1, and the predominantly
CP-odd mass eigenstate h,, as defined in Sect. 5.2, as for
those states a smooth behaviour of the cross section as func-
tion of the phases is obtained. The masses of the two heavy
Higgs bosons and their C’P-character (defining 4, and h,)
are shown in Fig. 7 as a function of ¢4, and ¢,. One can
see that the states /1, and /3 drastically change their CP char-
acter upon variation of the phases ¢4, and ¢,,, while on the
other hand the state &, is almost purely CP-even and h, is
almost purely CP-odd for the whole range of phase values. It
should be kept in mind in this context that |Za A|? arises from
a non-unitary matrix and can therefore have values above 1.
For vanishing phases the mass eigenstate s, corresponds to
h. and hj to h,.

In the following we show results for the predominantly
C’P-even mass eigenstate h,. The observations for &, are
very similar and are not shown here, we will only add com-
ments where appropriate. In Fig. 8 we show the gluon-fusion
cross section as a function of the phases ¢4, and ¢y,. In
both cases the behaviour for the full prediction, including
the squark contributions, is dominated by Aj; corrections.
For vanishing phases those corrections significantly reduce
the cross sections compared to the case where only quark
contributions are taken into account. For phase values around
7, however, the A, corrections can also give rise to a sig-
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nificant enhancement of the cross section. In particular, for
¢um, the quantity A, changes sign between ¢y, = 0 and
¢m, = m, such that the bottom-Yukawa coupling is sup-
pressed for small values of ¢, and enhanced for ¢, values
close to m as a consequence of the resummation of the Ay
corrections. The reduction of the scale uncertainties from LO
QCD to our best prediction for the cross section is similar as
in the previous plots. The K -factors in the lower panel show
that the dependence of the NLO cross sections on the phases
¢4, and ¢y, follows a similar trend as the LO cross section.
In the plot on the right, the asymmetric K -factor dependence
on ¢, is related to the direct dependence of A, on the phase
-

InFig. 9 we separately analyse the squark contributions for
the LO cross section, i.e. the prediction omitting the squark
loop contributions (black dot-dashed curves) is compared
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with the ones where first the pure LO squark contributions
are added (depicted in cyan), and then the resummation of
the A, contributions to the bottom-quark Yukawa coupling is
taken into account. For the latter both the results for the full
(App, blue) and the simplified (A, red) resummation are
shown. While the pure LO squark contributions are seen to
have a moderate effect, it can be seen that the incorporation of
the resummation of the A, contribution leads to a significant
enhancement of the squark loop effects. We furthermore con-
firm that for the heavy neutral Higgs bosons considered here
the simplified resummation approximates the full resumma-
tion of the A, contribution very well. The curves correspond-
ing to Aps and Ap hardly differ from each other both for the
variation of ¢4, and ¢y,. As before all curves include the
same Z factors obtained from FeynHiggs. The results for
h,, which are not shown here, are qualitatively very similar.
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Fig. 9 Effect of A, contributions on the LO cross sections of /., as
a function of a ¢4, and b ¢y, in the m"**-inspired scenario with
tan 8 = 40. The black dot-dashed curves depict the prediction without

squark contributions (except through 7 factors), while the cyan lines
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correspond to the prediction where the squark loop contributions at the
one-loop level are included. In the red (blue) curves furthermore the
simplified (full) resummation of the A contributions is included

Fig. 10 Bottom-quark 200 modt ' )
~ = = A%
annihilation cross section for /, — . 600 f ~ st = 40, My = 900 GeV
in fb as a function of a ¢4, and = 2 8 bb — he
. mod+ ;i — 180 = (13 TeV)
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scenario with tan 8 = 40. The
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The LO squark contributions are less relevant for the /4, cross
section, since those contributions are absent in the MSSM
with real parameters. We also note that the curves for A, fol-
low a similar behaviour as the ones for h., which implies
that there are no large cancellations expected in the sum of
the cross sections for the two heavy Higgs bosons times their
respective branching ratios. Thus, the phases entering A
could potentially lead to observable effects in the production
of the two heavy Higgs bosons even if the two states cannot
be experimentally resolved as separate signals.

Having discussed the three different sources for CP-
violating effects relevant for Higgs boson production through
gluon fusion in the MSSM - squark loop contributions,
admixtures through Z factors and resummation of A, con-
tributions — for completeness we also briefly discuss the
bottom-quark annihilation cross section for the mhm°d+-
inspired scenario with tan 8 = 40. The corresponding cross
section is shown in Fig. 10 as a function of ¢4, and ¢;.
For such a large value of tan 8 this cross section exceeds

the gluon-fusion cross section by far. It shows a very signifi-
cant dependence on the phases ¢4, and ¢,, which is mainly
induced by the Aj contribution.

6 Remaining theoretical uncertainties

In the previous section we analysed our cross section pre-
dictions regarding CP-violating effects entering via squark
loop contributions, 7 factors and A, contributions. Therein,
we included renormalisation and factorisation scale uncer-
tainties, which as expected are reduced upon inclusion
of higher-order corrections. However, the cross section
predictions are also affected by other relevant theoretical
uncertainties, which we want to discuss in detail in this
section.

Some of the theoretical uncertainties of cross sections in
the MSSM with complex parameters are very similar to the
ones in the MSSM with real parameters as discussed in Ref.
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[119]. Therefore, we can directly transfer the discussion of
PDF+-«; uncertainties as well as the uncertainty associated
with the renormalisation prescription for the bottom-quark
Yukawa coupling from the case of the MSSM with real
parameters:

e PDF+o; uncertainties: The fitted parton distribution
functions (PDF) and the associated value of « induce
an uncertainty in the prediction of the gluon-fusion cross
section and, in particular, also the bottom-quark annihi-
lation cross section. In our calculation we employ the
MMHT2014 PDF sets at LO, NLO and NNLO [118],
which can be used for both gluon fusion and bottom-
quark annihilation. In Refs. [24,119] it was observed
that despite the effects of squarks in supersymmetric
models, the PDF+4o; uncertainties are mostly a func-
tion of the Higgs boson mass my,,. We will therefore not
discuss them in more detail, since — similar to the pre-
scription for MSSM Higgs boson cross sections by the
LHC Higgs Cross Section Working Group [6] — relative
uncertainties can be taken over from tabulated relative
uncertainties obtained for the SM Higgs boson or a pseu-
doscalar (in a 2HDM with tan 8 = 1) as a function of
its mass. For Higgs masses in the range between 50 GeV
and 1 TeV the typical size of PDF+«; uncertainties for
gluon fusion is +=(3—5)% following the prescription of
Ref. [132]. They increase up to £10% for Higgs masses
up to 2 TeV. For bottom-quark annihilation they are in the
range +(3—8)% for Higgs masses between 50 GeV and
1 TeV and up to £16% for Higgs masses below 2 TeV.

e Renormalisation of the bottom-quark mass and defini-
tion of the bottom Yukawa coupling: In our calculation
the bottom-quark mass is renormalised on-shell, and the
bottom-Yukawa coupling is obtained from the bottom-
quark mass as described in Sect. 2.1. The renormalisa-
tion of the bottom-quark mass and the freedom in the
definition of the bottom-Yukawa coupling are known to
have a sizeable numerical impact on the cross section
predictions. This is in particular the case for large val-
ues of tan B where the bottom-Yukawa coupling of the
heavy Higgs bosons is significantly enhanced and the
top-quark Yukawa coupling is suppressed. On the other
hand, in these regions of parameter space bottom-quark
annihilation is the dominant process, for which there is
less ambiguity regarding an appropriate choice for the
renormalisation scale. The described uncertainties in the
MSSM with complex parameters are analogous to the
case of real parameters. We therefore refer to the dis-
cussion in Ref. [119] and references therein for further
details.

We neglect approximate NNLO stop-quark contributions and
accordingly the uncertainty associated with the approxima-
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tion of the involved Wilson coefficients, which was discussed
in Ref. [119]. The impact of the NNLO stop-quark contribu-
tions for the case of the MSSM with real parameters can be
compared with our estimate for the renormalisation and fac-
torisation scale uncertainty of our calculation. As an exam-
ple, the NNLO stop-quark contributions lower the inclusive
cross section for the light Higgs boson by about 2 pb for
zero phases in the light-stop inspired scenario, which is at
the lower edge of the scale uncertainty depicted in Fig. 3b.
Other uncertainties discussed in Ref. [119] are renormalisa-
tion and factorisation scale uncertainties and an uncertainty
related to higher-order contributions to A,. Moreover, we add
another uncertainty related to the performed interpolation of
supersymmetric NLO QCD contributions. We discuss in the
following our estimates for the three previously mentioned
uncertainties:

e We obtain the renormalisation and factorisation scale
uncertainty as follows: The central scale choice is
(u%,ug) = (mp,/2, mp,/2) for gluon fusion and
(MOR, u%) = (mp,, mp,/4) for bottom-quark annihi-
lation. We obtain the scale uncertainty by taking the
maximal deviation from the central scale choice Ao
obtained from the additional scale choices (uRr, Ur) €
{QuR. 2ud), Qul. nd), (1R, 2ud), (uy. 1L/2),
(ug/Z, /Lg), (,u%/Z, Mg/Z)}. We perform this procedure
individually for all three cross sections in Eq. (41) and
then obtain the overall absolute uncertainty through

2 2
Acsedle — \/ (aogily) + (Ao = acfd) . @)

where we assume the two LO cross sections to be fully
correlated. The uncertainty bands that we have displayed
in the plots shown above correspond to the cross section
range covered by o & AgSe,

e In order to display the propagation of an uncertainty aris-
ing from higher-order contributions to Ap to our cross
section calculation, we vary the value of Aj; obtained
from FeynHiggs by +10%. This variation by £10%
roughly corresponds to the effect of a variation of the
renormalisation scales, see the discussion in Ref. [119].
We label the obtained uncertainty as Ao "™"™ and assign
an uncertainty band of o £ Ag™"™,

e The employed interpolation for the two-loop virtual
squark-gluino contributions following Eq. (35) leads to
a further uncertainty. A conservative estimate for it can
be obtained as follows: We determine the cross section
o (¢,) following Eq. (38) not only for the correct phase
¢, in Eq. (35), but also leave the phase within Eq. (35)
constant, i.e. fixed to O and 7r. We call the obtained cross
sections ¢ (0) and o (7). For each value of ¢, we take
the difference Ac'™ = sin?(¢.)|o(0) — o ()|/2. It is
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is correct at phases 0 and 7. The obtained uncertainty
band is given by o &= Ao™,

In the following we display the effects of the estimated
uncertainties for certain scenarios, where we choose the dis-
played scenarios and the displayed cross sections such that
the effect of the uncertainties is largest. While the scale uncer-
tainties were included in all previous figures for the LO pre-
diction as well as for our best prediction already, we will dis-
cuss the interpolation uncertainty for the light-stop inspired
scenario with tan 8 = 16 and the resummation uncertainty
for the leOdJ”-inspired scenario with tan 8 = 40.

Figure 11 shows the renormalisation and factorisation
scale uncertainties Ao *°¥!° as before and in addition the above
described interpolation uncertainty Ac'™, which in case of
the variation of ¢, can be substantial. As can be seen in
Fig. 11, the interpolation uncertainty obtained from our con-
servative estimate can in this scenario even exceed the scale
uncertainty for the gluon-fusion cross section of /. It should
be noted that this is an extreme case, while the interpolation
uncertainty, which is an NLO effect related to the squark
and gluino loop contributions, remains small for the other
previously described scenarios (which we do not show here
explicitly). This is simply a consequence of the fact that the
relative impact of the squark and gluino contributions in the
other scenarios is much smaller than in the light-stop inspired
scenario. The interpolation uncertainty for the gluon-fusion
cross section of /3 in Fig. 11 is much less pronounced than
for h5, since as discussed above the squark loop corrections
are significantly smaller in this case and would vanish if /3
were a pure CP-odd state. The behaviour in the lower panels
of Fig. 11 displays the fact that by construction the assigned
interpolation uncertainty vanishes for the phases 0 and w,
where the interpolated result in the MSSM with complex

parameters merges the known result of the MSSM with real
parameters. For the variation of ¢,, the LO cross section
incorporating squark contributions already includes the dom-
inant effect on the cross section, such that the uncertainty due
to the interpolated NLO contributions is also less pronounced
than in case of the variation of ¢,.

The described A, uncertainties are depicted in Fig. 12.
Since A, crosses 0 as a function of ¢y, twice, the uncer-
tainty that we have associated to it according to the prescrip-
tion discussed above also vanishes there, as can be seen in
the lower panel of Fig. 12b. Even for the large value of tan
chosen here the assigned Ap uncertainty of +10% is much
smaller than the scale uncertainty of the displayed cross sec-
tions. Despite the different behaviour with the phases ¢4,
and ¢y, displayed in the lower panel of Fig. 12 the quali-
tative effect of the resummation uncertainties on the Higgs
boson production cross sections is nevertheless rather simi-
lar. The latter is also true for the bottom-quark annihilation
cross section, which is not depicted here. The resummation
uncertainties are of most relevance for large values of tan 8,
where the cross section of bottom-quark annihilation exceeds
the gluon-fusion cross section.

7 Conclusions

In this paper we have presented theoretical predictions for
inclusive cross sections for neutral Higgs boson production
via gluon fusion and bottom-quark annihilation in the MSSM
with complex parameters, and demonstrated the relevance of
the CP-violating phases on these cross sections.

The cross section predictions for the gluon-fusion process
at leading-order are based on an explicit calculation taking
into account the dependence on all complex parameters in
the MSSM, and the complete form of the analytical formu-
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Fig. 12 Renormalisation and 10
factorisation scale uncertainties —
Ao (plye) and resummation é
uncertainties Ao ""™ (green) b
for the gluon-fusion cross

section of /1, as a function of a 6t
¢4, and b ¢y, in the
m;L“"dJr-inspired scenario for
tan B = 40. In the lower panel
the upper and lower edge of the
band of the cross section
prediction with the assigned
resummation uncertainty is

T T T
~ mPt s = 40, mys = 900 GeV 14[

~mt 15 = 40, mys = 900 GeV ]
gg — he
(13 TeV)]

gg — he

(13 TeV)] 12}

o [fb]

10}

normalised to the cross section
without this uncertainty

0
5
0
5
0

OO ==
OO O =

OO
8882 Ro v » o

0 /2

(0. :i: Ao.resum)/o.

lae for the general C’/P-violating case including Higgs mix-
ing has been presented in the literature for the first time.
The wave function normalisation factors arising from the
(3 x 3)-mixing of the lowest-order mass eigenstates of the
Higgs bosons {h, H, A} into the loop-corrected mass eigen-
states {h1, ho, h3} have been described with full propaga-
tor corrections using the self-energies of the neutral Higgs
bosons as provided by FeynHiggs. Furthermore, the LO
predictions for the gluon-fusion process in the MSSM with
complex parameters deviate from those of the MSSM with
real parameters due to non-zero couplings of the squarks to
the pseudoscalar A and potentially different left- and right-
handed bottom-Yukawa couplings arising from the resum-
mation of tan S-enhanced sbottom contributions in A,. We
have supplemented the LO computation of the cross sec-
tion by higher-order contributions: using for the treatment of
the higher-order corrections a simplified version of the A,
resummation we have included the full massive top- and bot-
tom quark contributions at NLO QCD and have interpolated
the NLO SUSY QCD corrections from the amplitudes in the
MSSM with real parameters. We have thoroughly discussed
the uncertainties involved in using such an interpolation. The
interpolation uncertainty at NLO, which is most relevant in
scenarios where the squarks and the gluino are relatively light
in view of the present limits from the LHC searches, could
be avoided if an explicit result for the squark-gluino contri-
butions at NLO QCD in the MSSM becomes available for
the general case of complex parameters. For the top-quark
contribution in the effective theory of a heavy top-quark we
have added NNLO QCD contributions for all Higgs bosons,
and N3LO QCD contributions in an expansion around the
threshold of Higgs production for the CP-even component
of the light Higgs boson /1 to match the precision of the pre-
dictions for the SM Higgs boson. Electroweak effects, which
include two-loop contributions with couplings of the heavy
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gauge bosons to the CP-even component of the Higgs bosons
mediated by light quarks, have been added to the CP-even
component of the gluon-fusion cross section.

The results presented in this paper are currently the state of
the art for neutral Higgs production in the MSSM with com-
plex parameters. Our calculations have been implemented in
an extension of the code SusH1i called SusHiMi, which is
linked to FeynHiggs. SusHiMi is available upon request.
Using SusHiMi, we have investigated the phenomenologi-
cal effects of C’P-violating phases on the production of Higgs
bosons in the MSSM with complex parameters in two slightly
modified benchmark scenarios, light-stop and m}?°d+. We
have found in our analysis of Higgs boson production through
gluon fusion that a proper description of squark and gluino
loop contributions is essential. This refers both to the loop
contributions to the gluon—-gluon—-Higgs vertex and to the cor-
rections entering through Aj. Squark and gluino loop con-
tributions furthermore enter the wave function normalisation
factors that are necessary to ensure the correct on-shell prop-
erties of the produced Higgs boson. Where squark and gluino
contributions are sizeable the production cross sections show
a significant dependence on the CP-violating phases. We
have discussed the remaining theoretical uncertainties in the
cross section predictions taking into account renormalisation
and factorisation scale uncertainties, a resummation uncer-
tainty for A, and an uncertainty due to the performed interpo-
lation of NLO SUSY QCD corrections. We have furthermore
briefly commented on other uncertainties that can directly be
taken over from the case of the MSSM with real parameters.

A further important feature that occurs in the production
processes for the two heavy states 4 and /3 in the general
case where C’P-violating interactions are taken into account
is the fact that there can be a large mixing between these
often nearly mass-degenerate states. Their mixing effects
are incorporated in the wave function normalisation factors
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for the external Higgs bosons. For a proper interpretation
of experimental exclusion limits arising from MSSM Higgs
searches, which so far have only been analysed in the frame-
work of the CP-conserving MSSM, it will be important to
take into account interference effects in the full process of
Higgs production and decay. Our results for the cross sections
for on-shell Higgs bosons can be directly used in the context
of a generalised narrow-width approximation to incorporate
these interference effects. This topic will be addressed in a
forthcoming publication.
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Appendix A: Formulas: Higgs-quark and Higgs-squark
couplings

In SusHiMi the Higgs-(s)quark couplings are expressed in
terms of the CP-even and CP-odd neutral gauge eigenstates
g € {¢10, (]5(2)} and x, € {)(10, Xg}, respectively. In order
to obtain the couplings of the squarks with the lowest-order
mass eigenstates ¢ € {h, H, A, G} the gauge eigenstates are
rotated using the tree-level mixing matrix R as depicted in
the following Feynman diagrams

ES]

Z‘%R(!JZZHPL + g4i Pr)

Q------- =
{—TZ‘?R(g?ffPL — 9anPr)

q
/ 9
//
4 1
/ . 5
and R « = szg‘?g, X9
N LRy
N
\
N
di

(46)

with v = 2mw /g = 1/v/~/2GF and the tree-level mixing
matrix R given in Eq. (11). At the amplitude level the results
will then also be multiplied with the corresponding Z factor.

The couplings between the gauge eigenstates and the third
generation quarks are g,, = 1/cosf for ¢(1) and Xlo and
gq; = 1/sin B for ¢g and Xg . For A, corrections we refer
to Egs. (5) and (7).

The couplings between the gauge eigenstates and the third
generation squarks contain terms from the squark mass diag-
onalisation matrix U; (see Eq. (3)) which is a unitary matrix
with real diagonal elements and complex off-diagonal ele-
ments, i.e. it can be written as follows

Uiz
Ui )
They are obtained with MaCoR [133,134]. For the CP-

even state d)? we have the stop couplings (using sg = sin §,
cg =cos B, tg =tan B, sw = sinfy and cy = cosby):

Ui

Ya= <_U§12

(47)

g?ﬁl = U, __U;%;ntu + ;‘tUmCﬂm%S%v
i _—Ums’:tm +cpmyUp <§S‘2zv - C%v)_

8?(';2 = Uz, __U;%;n,,u + ;—lUfzzcﬁmZZs%V-
51'EQ%?ﬁi+1¢m§Uﬂl(§g;_c@)'

62k, = U [T & Sepmshy
~Upy, [Utus—}:tu* + cpmyUpy <%S%/ - C%v)}

g}’f(‘;z = U3, [_U,%ZMA + gUfzzcﬁm%S%v]
4%{ﬂ%%ﬂ+qmg%(%@_@ﬂ.

For the C’/P-even state (]58 , the couplings are:

4 2.2
)

2
+spmz Uz (

L —
81 = Uflz[
*
+ Uiy
R
8= Uflz[
+ U

111

*
Upimi Ay

Sg

Zm?
Uip | — —
S

2
2Up m;

5B
1

Upyym A}
Sg

|:U;12mtAt +

3w

Sp
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+Um | — —
Sp

Sp

|:U,~22m,At + 2U£21m12

Sp

1
+spmzUp (gﬁ%v - C%V>j|

(43)

4
gwmga)}

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

305 Page 22 of 25

Eur. Phys. J. C (2017) 77:305

2
¢ o [UnmiA7 | (2mp 4 55,
81 = U,y [T + Uiz ; — 3IMSw
_|_U;21[Uf12mtAz +2Ut~“m,2
Sg Sg
1
rsmUin (355 - )|
2
Y « [ UnimiA7 (2mp 4 5,
8i22 Ufzz[ 5 + U 5 — 3SEMSw
Unym A, 2Uz m?
+U;21[ 7221t t+ 1My
Sg Sg
1
+spm%Usy, <§s3V — c%v)} . (49)

Similarly for the CP-odd states X? and Xg the stop cou-
plings are given as:

X? .m; " P
&n= ’g [_“Uﬂszll tu Umelz]

0 m
Xoo ST kg
gf!“_ls,g[ A7U:

U + Afo*nUflz]

xP My * —
8i12 = ’g [—1U} Ui + 007, U]
;231)2 = izi; [_A;kU;lefZl + Afo*llUm]
gtffgl = iz%t [~1US Ui + U, Unio)
g?fz; = irsiﬂt [—ATUL,Uni + AU, Unio]
g;gz = i’% [—1U%,Uny + 17U, U ]
g;gz = iz%t [—AT U, Uni + AU, Uny .- (50)

Analogously, the Higgs-sbottom couplings for the CP-
even state ¢! are:

2
. Upy Apmo 3 2m;, 2 22
.11 = Ui [ s + Upn o 3MZSW

UpypApmy i 2U1311m12;
g o

1
2 2 2
—cpmzUpy, (gsw + CW) :|

*
+ U1511

2
o0 e | Ui Apmo C(2my 2, o,
AT Upia cp * Upp _Cﬂ YA
2
LU UppoApmsp i 2Upy my,
b11 cp cp

1
2 2 2
—cpmzUpy, (gsw + CW) } )
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2
¢ | Ui Apme (2 2, o,
801 = Uin [ s + Upin o | 3PMZSW

bh21 cs cs
2 1o 2
—cpmzUp §SW+CW
o Upp1 Apme

2my 2
% . “b = 2.2
850 = Upn [ cp Uz ( cp 3Cﬁmzsw)}

Uiy, Apmyp
|: b22 +
cp cp

2
Lur |:U512Abmb+2U511mb

)
2Ujp mj,

%
+ Uﬁzl

1
—cpmzUpy, (§s2W + c%v> } : (51)

For the C’P-even state ¢8 they are given as:

gg),gll - glz [_UEICI,ZW + %Uélzsﬂmgsgv}

+Up, [_Ul;lzclzbm +spmyUp, <%S%V + C%V>i|
g/?.glz - glz [_ngé;nw + %U&zsﬂmgsgv}

-i-Ugll [_l]l;ZZCIZbM* + s,smzzUl;zl %s%‘, + c%v>:|
g;,ng - 522 [_Uglé;nbu + guﬁlzsﬁmgszw}

+Uz, [_W +spmzUpy, GS%V + c%v>]
gz?,gzz =Un [_ngé;nbu + %Uézzsﬂmgszw}

LUz, [_Um':w + Uy, (%@ + gv)]

Finally, for the CP-odd states X? and x? the Higgs-
sbottom couplings are:

R [ peyr U b AZUE U |

8511 _lcﬂ |~ oY p12 b1l bY 5117 b12
0 _

X2 _ e ors g Xprk 7.

8511 _lcﬂ i UL Upn + 1 U;;nUblz]
0 mn I

X1 _-_17 _AXTTE - * .

At | A3 U1 + AU3, Ui |
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gg,glz = ir:_; :_“U512U1521 + “*UEUUEZZ]

ggf;] - i%b :—AngzzUEU + AbnglU,;n]

gg,gzl - i’:_: :_“ngzUéll + “*nglUélz]

gg,lozz - i%b :_AZU522U1521 + A”nglUl?ZZ]

gg?;z = i%b | 102, Upoy + 17U, Uy | (53)
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